INTRODUCTION
Successful cryopreservation allows cells and tissues to be stored for long periods of time without significant change. Sperm cryopreservation was first reported in the early 20 th Century by Polge et al. 1 who discovered that after the addition of glycerol to the diluents, spermatozoa could regain their motility after long periods of freezing. Since that time, a plethora of papers have reported successful cryopreservation in different species, including humans. 2, 3 Clinical applications of cryopreservation include the preservation of male fertility before radiotherapy and/or chemotherapy, 4 the use of frozen partner and donor spermatozoa for artificial insemination (AI), and in vitro fertilization (IVF) in infertility treatments. 5 Furthermore, the ability to successfully cryopreserve epididymal and testicular sperm samples is important and useful for treating patients with obstructive and nonobstructive azoospermic who require the use of assisted reproductive technologies (ARTs).
Sperm diluents were originally designed for the use with slow-cooling methods. Initially, the whole ejaculate was added to the diluents, which contained high viscosity components and at least one permeable cryoprotectant (CPA). A popular initial diluent developed for animal and human sperm cryopreservation was glycerol egg yolk 
METHODOLOGY

Experimental design
Two experiments were designed to compare the effects of three different cryopreservation methods on various parameters of sperm function, fertilization ability, and embryo development.
Experiment 1: assessment of basic sperm parameters
Sperm motility, sperm vitality, and sperm DNA damage were compared in five replicates before and after cryopreservation using three different cryopreservation methods: conventional slow-cooling with raffinose (RS-C), two vitrification protocols using raffinose (RV), and sucrose (SV) (method previously described for human spermatozoa 12 and modified for mouse spermatozoa).
Experiment 2: assessment of embryo production following standard IVF Sperm samples (n = 5) were obtained from the cauda epididymis of F1 mice, and oocytes (n = 267, five replicates) were flushed from the F1 mouse oviducts for IVF. The effects of RS-C and RV on sperm motility, vitality, and DNA fragmentation, and on embryo production and development, were compared against results using fresh control sperm samples.
Mice
Ethics approval for this study was obtained from the Monash Medical Centre Animal Ethics Committee (AEC Approval No. MMCA2011/84). A 12-week-old F1 C57BL × CBA hybrid males were used as a source of epididymal spermatozoa for both experiments (n = 10). Six to seven weeks old F1 C57BL × CBA hybrid female mice were used for IVF (Experiment 2, n = 5). All mice were obtained from Monash University Animal Services and housed in a conventional animal house under a 12 h light-dark cycle with a relative humidity of 30%-60% and a temperature ranging from 21°C to 24°C. All mice had free access to food and water.
Superovulation and oocyte collection
Female mice were superovulated by administration of 5 IU of Pregnant Mare Serum Gonadotropin (PMSG, Folligon®, Bendigo, VIC, Australia) 48 h before collection, followed by 5 IU of human Chorionic Gonadotropin (hCG, Intervet®, Bendigo, VIC, Australia) 16-18 h before collection. The superovulated female mice were killed by cervical dislocation. Oviducts were cleaned of fat and connective tissue, and the cumulus-oocyte complexes (COCs) released by dissecting the ampulla. The COCs were used in IVF experiments with cryopreserved spermatozoa.
Media and vitrification solutions for spermatozoa
KSOM handling medium (KSOMH, adapted medium 13 ) with 0.3% w/v Bovine serum albumin (BSA, Sigma®, Melbourne, VIC, Australia) was used as the handling medium for all gametes. KSOMH with 1% w/v BSA (KSOMH + ) was used as the base for the sucrose vitrification (SV) solution (0.25 mol l −1 sucrose in KSOMH + ). The raffinose-based cryoprotectant solution used for vitrification (RV) and slow-cooling (RS-C) consisted of 18% w/v raffinose diluted in handling medium with 3% w/v skim milk (adapted medium 11 ). Modified Tyrode's solution (MT6 14 ) was used for insemination and embryos were cultured in LifeGlobal Total medium with 10% v/v HSA (LifeGlobal®, Guliford, Connecticut, United States).
Sperm collection and swim up
Male mice were killed by cervical dislocation and the epididymides were located, exposed, and isolated from the testes. The epididymides were cleaned of fat, and the caudal region was identified and excised. A cut was made through the convoluted duct in the cauda, and the incised tissue placed into 5 ml Falcon™ tubes (BD biosciences, San Jose, CA, USA) containing either 135 μl prewarmed Raffinose CPA (for RV and RS-C) or 135 μl prewarmed KSOMH (for SV). Spermatozoa were allowed to swim-up into the medium for 30 min at 37°C.
Sperm cryopreservation methodology
Conventional slow-cooling (RS-C) After 30 min, 10 μl of the sperm sample was drawn into straws which were sealed with PVA, placed in liquid nitrogen vapor (10 cm above the liquid nitrogen) for 10 min and then plunged into liquid nitrogen.
Thawing (RS-C)
For motility, vitality, and DNA integrity assays, straws were exposed to air (10 s) and 37°C water (30 s) before expelling the thawed sperm sample into 50 μl KSOMH. For IVF, straws were directly plunged into the warmed, equilibrated MT6 droplets, and approximately 15 μl moved into droplets containing the COCs.
Vitrification procedures
Vitrification with raffinose (RV)
After swim-up into raffinose CPA for 30 min, the top 500 μl of medium containing motile spermatozoa was removed and mixed well. 
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Following swim-up into KSOMH for 30 min, the top 500 μl was removed, centrifuged (300 g, 10 min), and resuspended in KSOMH to the desired minimum concentration of 5 × 10 6 ml −1 , then diluted 1:1 with the SV just prior to vitrification, as described by the Isachenko group. 12 From this step, vitrification was conducted as described above.
Warming procedure for SV and RV For motility, vitality, and DNA integrity assays, the vitrified samples were warmed by directly placing the fiberplugs into 50 μl warmed KSOMH at 37°C. For IVF, fiberplugs were directly plunged into the warmed, equilibrated MT6 droplets containing the COCs.
Evaluation of sperm motility and vitality
Sperm motility and vitality were determined before and after cryopreservation. Motility was assessed by scoring the numbers of motile (progressive and nonprogressive) and immotile spermatozoa in a series of randomly selected microscope fields. In addition, sperm recovery rates (SSR) were calculated to compare sperm motility before and after cryopreservation for each method using the formula: SSR = ([% thawed motile spermatozoa/% fresh motile spermatozoa] ×100). Hypo-osmotic swelling (HOS) test was used to assess sperm vitality. 15 This was determined by scoring the number of spermatozoa with swollen midpieces or tails as live spermatozoa (membrane intact) and those which showed no swelling as dead spermatozoa. The thawed/warmed sperm motility and vitality rates were analyzed. For both methods, at least 200 sperm cells were assessed by two different observers and a mean value calculated.
Sperm DNA fragmentation
The presence of DNA strand breaks was evaluated by the TdT (terminal deoxynucleotidyl transferase)-mediated dUDP nick-end labeling (TUNEL) assay using In Situ Cell Death Detection kit with fluorescein (Roche Diagnostics®, Mannheim, Germany), with some modifications to the manufacturer's protocol described below.
Mouse spermatozoa were loaded on to silane-coated slides (Strafrost®, Braunschweig, Germany), air dried, and then fixed with 3.5% v/v formaldehyde in phosphate-buffered saline (PBS) for 1 h at room temperature. Sperm preparations were washed three times in PBS to remove the fixative and then permeabilized with 0.1% v/v Triton X-100 in 0.1% w/v sodium citrate for 5 min on ice. Slides were washed twice with PBS, incubated with 50 μl of labeling solution (In Situ Cell Death Detection Kit) containing TdT for 1 h at 37°C in the dark, and rinsed three times in PBS. Spermatozoa were counterstained with propidium iodide (PI, Santa Cruz Biotechnology®, Dallas, TX, United States) at a final concentration of 50 μg l −1 and slides were coverslipped and sealed with nail polish. TUNEL assays were analyzed on a compound fluorescence microscope. Green fluorescence (TUNEL positive) from fluorescein was detected with two filters (TRITC: EX540/25, DM565, BA605/55, and FITC: EX465-495, DM505, BA515-555). Positive controls were prepared by incubating spermatozoa in 5U DNAse I (Roche®, Mannheim, Germany) for 45 min at 37°C before the labeling reaction and negative control spermatozoa were incubated without the TdT enzyme. At least 400 cells were assessed for each sample (two observers) at ×1000 magnification using a ×100 oil-immersion objective.
IVF, embryo production, and development
Mature mouse oocytes (n = 267) collected from the oviduct as cumulus-oocyte-complex (COCs) were randomly divided into three IVF groups: two groups using either RV or RS-C cryopreserved spermatozoa (RV: n = 102; RS-C: n = 86) and one group using fresh control spermatozoa (FC: n = 79). The COCs were transferred into preequilibrated MT6 drops (50 μl under oil), and dishes returned to the incubator at 37°C in 90% humidity and 5% CO 2 in air.
Within 1 h, fresh, frozen-thawed, and vitrified-warmed spermatozoa were prepared by swim up (FC) or as described in the thawing (RS-C) and warming (RV) procedures giving a total of approximately 250 000 motile spermatozoa per ml in the insemination droplets.
The time of insemination was recorded for each group and 2-3 h after insemination oocytes were cleaned of cumulus cells and excess spermatozoa and moved to a 30 μl droplet of preequilibrated culture medium (LifeGlobal®, Guliford, Connecticut, United States) under mineral oil (Sigma®, St. Louis, Missouri, United States) for culture overnight.
Embryo development was observed every 24 h after insemination, and the culture medium was changed every 48 h. The number of two-cell embryos, blastocysts, and expanded blastocysts were recorded for each treatment.
Statistical analyses
The data were analyzed using Prism 5 software (GraphPad Prism 5, version 5.0c, GraphPad Software, Inc): for sperm parameters, one-way ANOVA was used to compare data between the experimental and control groups and the Bonferroni test was used as post hoc analysis. A paired Chi-square test (Fishers exact) was used to compare embryo production between groups. Statistical significance was defined as P < 0.05 and results are expressed as mean ± standard error (s.e.m.).
RESULTS
Motility and vitality
RS-C had significantly higher motility (46 ± 3.2%) than SV (14 ± 1.4%, P < 0.05) and RV (30 ± 1.6%, P < 0.05) (Figure 1a) as well as vitality (RS-C: 57 ± 2.0%; SV: 23 ± 4.2%; RV: 39 ± 0.6%, P < 0.05) (Figure 1b) .
Between vitrification methods, RV spermatozoa had significantly higher motility (30 ± 1.6%) and vitality (39 ± 0.6%) than SV (14 ± 1.4%, P < 0.05 and 23 ± 4.2%, P < 0.05, respectively) (Figure 1a and 1b) . Comparison of sperm motility recovery showed that RS-C spermatozoa (73 ± 2.7%, P < 0.05) recovered better from cryopreservation than RV (47 ± 1.2%, P < 0.05) or SV spermatozoa (21 ± 1.8%, P < 0.05) and that recovery was significantly better with RV than SV spermatozoa.
Sperm DNA damage
Spermatozoa from all three experimental groups showed significantly higher levels of DNA damage compared with the fresh sample (3.2 ± 0.2%, P < 0.05). In the three cryopreservation groups, significantly higher levels of damage were also seen between spermatozoa from RS-C (26 ± 2.8%) and RV (27 ± 1.2%), compared to SV spermatozoa (15 ± 1.8%, P < 0.05) (Figure 1c) .
Sperm DNA fragmentation essays were performed on mouse sperm samples using TUNEL (Figure 2a) . Positive control spermatozoa all showed DNA damage (Figure 2b) . Negative controls showed no signals for sperm DNA fragmentation (Figure 2c ).
IVF and embryo development
The percentage of two-cell embryos produced using RV (n = 68/108, 66.7%), RS-C (n = 53/86, 61.6%), and FC (n = 41/79, 51.9%) spermatozoa was not significantly different (P > 0.05) ( Table 1) . The percentage of blastocysts produced from two-cell embryos was significantly higher in the FC group (n = 27/41, 65.9%) than RV group (n = 25/68, 36.8%) (2c/Blast; P = 0.0053). However, there were statistical differences in the number of expanded blastocyst in the RV group (n = 23/68, 33.8%) compared to the RS-C group (n = 9/53, 17%) (2c/HgB; P = 0.04) (Figure 3) . In other words, 92% (n = 23/25) of RV blastocyst reached expanded blastocysts stage compared to 33.3% (n = 9/27) in the RS-C group and 29.6% (n = 8/27) in the FC groups, respectively ( Table 1) .
DISCUSSION
Various methods of freezing spermatozoa have been previously described 10,16-22 mostly using slow-cooling and different cryoprotectants. 23 However, despite the absence of clear successful vitrification outcomes in the mouse, successful vitrification of human, 12,24-31 canine, 32 and fish (Oncorhynchus mykiss) 33 spermatozoa has been reported using specific capillaries, low sample volume (3 μl), dropped directly into liquid nitrogen, and high cooling rates.
We developed a vitrification method based on the methodology described by Isachenko et al. 12 testing the CPA proposed by this group and the same CPA widely used with mouse spermatozoa for conventional slow-cooling cryopreservation. 10 Our results show that hybrid F1 mouse epididymal spermatozoa can be vitrified using fiber plugs as carriers and that sufficient motility and vitality are retained after warming to perform successful IVF, by direct transfer of these fiberplugs into the insemination droplet. It was interesting to note that the fresh spermatozoa resulted in the lowest number of two-cell embryos and also had proportionately fewer advanced embryos (hatching blastocysts) compared to the RV group. The fresh sperm outcomes may have been slightly compromised as we were trying to make the insemination protocol as "similar" as possible in all sperm groups by adding the same volume at the same time. Cryopreserving spermatozoa can artificially "accelerate" the processes leading to capacitation 34 and this may explain the higher two-cell rates and slightly advanced embryo growth. We noticed that for both the RV and RS-C groups, motility declined very rapidly and it was therefore important that sperm-oocyte contact occurred immediately after warming.
In terms of motility and vitality, our data showed that vitrification using fiberplugs and 18% w/v raffinose as CPA resulted in better post-warming outcomes than 0.25 mol l −1 sucrose. However, both vitrification techniques resulted in lower sperm motility and vitality spermatozoa than conventional slow-cooling.
Despite CPAs having different cryoprotective properties, some studies have suggested that cryoprotection is independent of the concentration and the type of sugars used for cryopreservation. 35 Although the molecular structure and concentration of sucrose and raffinose are different (raffinose is trisaccharide while sucrose is disaccharide), similar membrane fusion rates have been reported between thawed spermatozoa in 12% sucrose and 18% raffinose solutions. 36 However, our use of these two CPAs with different concentrations of protein extenders (3% w/v skim milk vs 1% w/v BSA) may have improved our results using the protein extender to expand the osmotic tolerance limits of mouse spermatozoa. 37 In contrast to the findings of Katkov et al., 38 our study showed that the highest post-thaw/warming motility and vitality resulted from cryopreservation using raffinose-based, rather than sucrose-based cryoprotectants. Also, with human spermatozoa, 11, 12, 39 successful post-warming outcomes were achieved after vitrification with 0.25 mol l −1 sucrose. The difference may be explained by specific cryobiological characteristics of mouse spermatozoa, especially in the structure of the plasma membrane. In addition, our data from a pilot study (data not shown) correlated with previous reports that showed higher post-warming motility using 0.25 mol l −1 sucrose than with 0.50 mol l −1 and 0.75 mol l −1 sucrose, suggesting that these higher concentrations of sugars exceed the osmotic tolerance of mouse spermatozoa. Different superscripts noted statistically significant differences (P<0.05). RV: raffinose vitrification; RS-C: raffinose slow-cooling; FC: fresh control An important factor affecting vitrification is the type of carrier used. 23 As a novel approach, we loaded samples on to fiber plugs (Cryologic®) to provide the highest possible cooling rates using 3 μl volumes and no straw barriers. Other studies have used open-pulled straws (conventional method) or capillaries 12 but resulted in unsuccessful cryopreservation of mouse spermatozoa. These carriers have a decreased cooling rate because samples are not in direct contact with liquid nitrogen due to the straw barriers. Fiberplugs, and also cryotops, recently used for vitrifying human samples, 40 allow for an increase in cooling rates by avoiding the straw barriers in the vitrification process.
The lower motility outcomes that we report after warming compared with human studies 11, 12 may be explained by increased cryosensitivity of mouse spermatozoa due to their large size, asymmetric head structure, and higher sensitivity to manipulation. Cryobiological characteristics of mouse spermatozoa need to be taken into account to achieve successful vitrification. 36, 37 An important advantage of our method is that after warming, vitrified mouse spermatozoa can be used without additional treatment, such as centrifugation and density gradients; samples can be added directly into insemination (IVF) media at 37°C or media droplets intended for single sperm selection for ICSI. For practical purposes, this simplicity represents an advantage of this technology, because even with low motility, vitrification provides sufficient motile spermatozoa to perform successful IVF and ICSI.
In the mouse, sperm DNA damage did not show a close relationship with motility and vitality and embryo development as previously reported in human spermatozoa. 12, 41 On the contrary, cryopreservation of human sperm samples has been reported to affect crucial genes for fertilization and early embryo development. 42 Moreover, increased sperm DNA fragmentation has been shown after cryopreservation but measured following a period of incubation at 37°C, and indeed, fresh samples also showed higher levels following incubation at 37°C. Thus, treatment post-cryopreservation, as well as the process itself, appears to affect sperm DNA. 43 While raffinose both in slow-cooling and vitrification produced the best outcomes in terms of motility and viability, it resulted in significantly higher levels of sperm DNA damage than spermatozoa vitrified using sucrose as the CPA.
Although the effect of cryopreservation on DNA integrity is still not entirely understood, there is evidence that DNA damage or fragmentation is linked to the molecular weight, structure, concentration, and chemical features of the cryoprotectant used [44] [45] [46] and the cryopreservation protocol. 44, 45, 47, 48 The use of different proteins and protein concentrations in the media in our study (3% w/v skim milk vs 1% w/v BSA) may also have contributed to the different levels of DNA damage due to different expansions of the osmotic tolerance limits of mouse spermatozoa. 37 In addition, Paasch et al. 49 showed that cryopreservation and thawing/warming are associated in human spermatozoa with varying degrees of activation of the apoptotic machinery in spermatozoa which may also trigger sperm DNA fragmentation in mouse spermatozoa.
Studies in humans have associated sperm DNA damage with decreased embryo development rate such as cleavage, blastulation and decreased implantation, and pregnancy rates. 50, 51 This has also been reported in the mouse. Yildiz et al. 46 showed that sperm DNA damage caused a decreased in vitro embryo development rates to blastocyst using frozen-thawed C57BL/6 spermatozoa. The same group 52 also showed that increased post-thaw sperm DNA fragmentation decreased embryo development rate to blastocyst using frozen-thawed spermatozoa from C3B6F1/J or B6129S1F1/J mouse strains when compared with fresh spermatozoa.
Although vitrification using sucrose showed the lowest values of sperm DNA damage, it also resulted in reduced levels of motility and vitality compared to mouse spermatozoa cryopreserved using raffinose. For the embryo development studies, as we were attempting IVF and not ICSI, we selected the vitrification group with the most motile sperm cells to enhance our chances of success when comparing these data with the fresh and slow-cooled groups.
In this study, we found no difference in the numbers of two-cell embryos from raffinose cryopreserved (slow-cooled and vitrified) and fresh control spermatozoa indicating that fresh and frozen spermatozoa had similar in vitro fertilization rates. This was not consistent with a previous study that reported a higher in vitro fertilization rate with fresh spermatozoa. 52 In our experience, motility reduces very rapidly after warming/thawing and the short time between warming/thawing and insemination is critical. As reported in other studies, 45 ,52,53 the number of two-cell embryos that developed into blastocysts from IVF, using fresh control spermatozoa was higher (65.9%) than those from slow-cooled spermatozoa. However, a higher rate of expanded blastocysts was observed using vitrified spermatozoa (33.8%) than slow-cooled spermatozoa (17.0%, P < 0.05).
CONCLUSION
Vitrification of mouse spermatozoa using raffinose and sucrose as CPA loaded on fiberplugs is possible; sperm motility and vitality are, however, lower after vitrification than after conventional slow-cooling and in fresh sperm samples. These outcomes produced acceptable rates of embryo production and development (raffinose) that are not inferior to those produced by the conventional slow-cooling method or indeed using fresh spermatozoa. Moreover, both vitrification methods were simpler and less time consuming, due to fewer steps in the protocols, than the conventional slow-cooling technique. However, further studies are now needed to examine the impact, if any, of minimal volume vitrification on sperm DNA damage and other sperm functions in spermatozoa of other species. In particularly, it will be important to consider these aspects after cryopreservation of small fluid volumes with low sperm concentrations that are often found in samples surgically retrieved from the human testis and epididymis.
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